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To form the primary heart tube in zebrafish, bilateral
cardiac precursor cells (CPCs) migrate toward the
midline beneath the endoderm. Mutants lacking
endoderm and fish with defective sphingosine
1-phosphate (S1P) signaling exhibit cardia bifida.
Endoderm defects lead to the lack of foothold for
the CPCs, whereas the cause of cardia bifida in S1P
signaling mutants remains unclear. Here we show
that S1P signaling regulates CPC migration through
Yes-associated protein 1 (Yap1)-dependent endo-
derm survival. Cardia bifida seen in spns2 (S1P
transporter) morphants and s1pr2 (S1P receptor-2)
morphants could be rescued by endodermal expres-
sion of nuclear localized form of yap1. yap1 mor-
phants had decreased expression of the Yap1/Tead
target connective tissue growth factor a (Ctgfa) and
consequently increased endodermal cell apoptosis.
Consistently, ctgfa morphants showed defects of
the endodermal sheet and cardia bifida. Collectively,
we show that S1pr2/Yap1-regulated ctgfa expres-
sion is essential for the proper endoderm formation
required for CPC migration.
INTRODUCTION
During embryogenesis, zebrafish cardiac precursor cells (CPCs)
originating from the anterior lateral plate mesoderm migrate
toward the midline between the endoderm and the yolk syncytial
layer (YSL) to form the cardiac tube (Staudt and Stainier, 2012).
The function of the endodermas a foothold forCPCs is evidenced
by two laterally positioned hearts (cardia bifida) in the zebrafish
endodermal loss-of function mutants (cas/sox32, sox17, oep,
fau/gata5, and bon; Stainier et al., 1996). Similarly, endoderm-
deficient embryos, includingFoxp4-deficient andGata4-deficient
mice, exhibit cardia bifida (Li et al., 2004; Kuo et al., 1997), indi-
cating that the proper transcription factor-regulated endoderm
formation and maintenance are essential for CPC migration.128 Developmental Cell 31, 128–136, October 13, 2014 ª2014 ElsevWeandothers havedemonstrated thatmutants of sphingosine
1-phosphate (S1P) transporter, Spns2, which is expressed in the
YSL during early embryogenesis, exhibit cardia bifida (Kawahara
et al., 2009;Osborne et al., 2008). Furthermore, amutant of S1pr2
(mil), one of five S1P receptors (S1pr1-5) shows cardia bifida
(Kupperman et al., 2000), suggesting that S1P/S1pr2 signaling
contributes to CPC migration. However, it is unclear where and
how S1P/S1pr2 signaling regulates CPC migration.
Yes-associated protein 1 (YAP1) is a final effector molecule
downstream of Hippo signaling and functions as a transcription
cofactor for TEA domain (TEAD)-binding family (TEAD1-4) tran-
scription factors in the nucleus (Zhao et al., 2008). The hippo
pathway is an evolutionally conserved kinase cascade that con-
trols organ size and function by regulating cell proliferation, sur-
vival, and differentiation (Harvey et al., 2003; Zhao et al., 2007).
LATS1/2 kinases activated by MST1/2 phosphorylate Ser of
HXRXXS motifs of YAP1, thereby exporting YAP1 from the nu-
cleus (Dong et al., 2007; Zhao et al., 2007). Therefore, YAP1/
TEAD-dependent transcription is inhibited by LATS1/2 activa-
tion. In mammals, Hippo signaling consisting of MST1/2
(mammalian orthologs of fruit fly, Hippo), SAV1, MOB1, and
LATS1/2 form a canonical kinase-mediated signaling cascade
that determines the localization of YAP1 (Zhao et al., 2008).
Knocking down Yap1 in zebrafish leads to general develop-
mental delay including cardiogenesis due to increased
apoptosis and decreased proliferation (Hu et al., 2013; Jiang
et al., 2009); however, it remains unclear where Yap1 specifically
functions during embryogenesis.
There are several YAP1/TEAD-promoted genes: connective
tissue growth factor (CTGF), cysteine-rich angiogenic inducer
61 (CYR61), neural apoptosis inhibitory protein, cyclin-depen-
dent kinase 6, BCL2, and BIRC5 (Hong and Guan, 2012; Landin
Malt et al., 2013; Xie et al., 2013). CTGF consists of four do-
mains: an insulin-like growth factor binding protein domain,
a von Willebrand factor C (VWC) domain, a thrombospondin
type 1 repeat domain, and a carboxy-terminal cysteine knot
(CT) domain. Among these domains, the VWC domain and
CT domain are reported to bind to bone morphogenetic
proteins/tumor growth factor-b1 and to Wnt coreceptor low-
density lipoprotein receptor-related protein 6, respectively,
to induce biological function (Abreu et al., 2002; Mercurio
et al., 2004).ier Inc.
Figure 1. Yap1/Tead-Dependent Transcription Is Required for Cardiac Precursor Cell Migration toward Midline
(A) 3D-rendered confocal stack merged images (bright field and fluorescence) of Tg(myosin light polypeptide 7 [myl7]:nuclear localization signal-tagged
tandem EosFP [Nls-tdEosFP]) embryos (48 hr postfertilization [hpf]) uninjected (left) and injected with morpholino (MO) indicated (center and right). tdEosFP
fluorescence is shown as green. Images displayed in the following figures are the 3D-rendered images of a stack. Images are ventral views unless otherwise
described (anterior to the top). The confocal images and WISH images in the following figures are a set of representative images of at least four independent
experiments.
(B)WISH analyses of the embryos (24 hpf) of the wild-type (left) and those injected with theMO indicated (center and right) using antisense probe formyl7. A set of
representative images of four independent experiments is shown.
(C) A schematic illustration of zebrafish (z) Yap1 and EGFP-zYtip. The numbers, amino acids (aa); EGFP-zYtip, EGFP fused with a Tead binding domain (aa 7-103
of zYap1).
(D) Luciferase activity of the 293T cells transfected with the plasmids coding upstream activation sequence (UAS) followed by luciferase cDNA together with the
plasmids indicated at the bottom. zYap1 binding to human TEAD2 fused with a DNA-binding domain of GAL4 (GAL4 db-hTEAD2) could promote UAS-dependent
transcription of luciferase. The graph shows the average with SEM of the relative luciferase unit normalized by the luciferase activity of untransfected cells (n = 6).
(E) Images of Tg(myl7:Nls-mCherry) embryos at 48 hpf uninjected (left) and injected with mRNAs indicated at one-cell stage with 50 pg (center) and 200 pg (right)
EGFP-zytip mRNA. mCherry image (pseudocolor magenta), EGFP image, and bright field image are merged.
(F) Quantitative analyses of the incidence of cardia bifida of (E). The graph shows the percentage calculated by the number of the embryos exhibiting cardia bifida
among the embryos injected with mRNAs indicated at the bottom. Total number of the embryos injected with mRNA is indicated on the top of column. Hereafter,
total number of the embryos investigated is indicated on the top of the column. xp < 0.0001.
See also Figure S1.
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S1P-Yap1 Signaling for Endoderm FormationThe nuclear localization of YAP1/TAZ is induced by S1P
and lysophosphatidic acids (LPA) that activate the group of
G protein-coupled receptors (S1PR1-5 and LPAR1-6). Both
S1P and LPA inactivate the Hippo signaling by inhibiting the
phosphorylation of LATS1/2 kinases through the activation of
G12/13-RhoGEF-Rho signaling, thereby accelerating the nuclear
accumulation of YAP1/TAZ (Yu et al., 2012). Moreover, S1pr2-
G13 signaling is reported to regulate CPC migration (Ye and
Lin, 2013). These previous data prompted us to test whether
S1P regulates CPC migration by regulating Yap1. Here, we
demonstrate that S1P/S1pr2 signaling controls endoderm
maintenance via Yap1-dependent ctgfa expression and that
the proper formation of the endoderm is essential for CPC
migration.DevelopmRESULTS
Yap1/Tead-Dependent Transcription Regulates CPC
Migration
To investigate whether Yap1 is essential for CPC migration, we
examined the effect of Yap1 depletion on the CPC migration
by injecting morpholino antisense oligonucleotides (MO)
for yap1 into transgenic (Tg) zebrafish embryo Tg(myl7:Nls-
tdEosFP) in which nuclear localization signal-tagged tandem
Eos fluorescent protein (Nls-tdEosFP) was expressed under
the control of myosin light polypeptide 7 (myl7) promoter. At
48 hr postfertilization (hpf), yap1 morpahnts exhibited cardia
bifida as did s1pr2 morphants (Figure 1A). Consistently, whole-
mount in situ hybridization (WISH) analyses revealed that theental Cell 31, 128–136, October 13, 2014 ª2014 Elsevier Inc. 129
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S1P-Yap1 Signaling for Endoderm Formationendogenous myl7-positive CPCs were positioned bilaterally in
the yap1morphants as well as the s1pr2morphants (Figure 1B).
The effect of yap1 MO on splicing-block was confirmed by
RT-PCR. Moreover, cardia bifida found in the yap1 morphants
was rescued by injection of zebrafish (z) yap1 mRNA (Figures
S1A and S1B available online), indicating that cardia bifida is
ascribed to the depletion of Yap1.
YAP1 directly associates with TEAD in the nucleus to promote
the expression of target genes that exert biological functions. To
test whether Yap1/Tead-dependent transcription is essential
for CPC migration, we examined the effect of interference of
the association of Yap1 with Tead on CPC migration. For that,
we constructed the plasmid expressing zTead-binding domain
fused with enhanced green fluorescent protein (EGFP)-zYtip
(von Gise et al., 2012) as a dominant-negative form of zYap1
(Figure 1C). zYtip inhibited Yap1-dependent transcription as
demonstrated by a significant decrease of Yap1-dependent
luciferase expression (Figure 1D). Then, we examined the effect
of EGFP-zYtip on CPC migration by injecting EGFP-zytip
mRNA into Tg(myl7:Nls-mCherry) embryos. CPC migration
was dose-dependently inhibited (Figures 1E and 1F), indicating
that Yap1/Tead-dependent transcription is essential for CPC
migration.
Yap1 Functions Downstream of S1P-S1pr2 Signaling in
the Endoderm
S1pr2 and Spns2 are expressed in the endoderm and in the YSL,
respectively (Kawahara et al., 2009; Kupperman et al., 2000).
S1P-S1PR2 signaling suppresses LATS1/2 phosphorylation,
thereby inducing nuclear accumulation of YAP1 (Yu et al.,
2012). Therefore, we assumed that Yap1 functions downstream
of S1P signaling for CPC migration. To localize Yap1 during
CPC migration, we first needed to exclude the possibility that
Yap1 functions downstream of S1pr2 in the YSL. Depletion of
neither S1pr2 nor Yap1 in the YSL affected CPC migration,
whereas that of Spns2 resulted in cardia bifida (Figures 2A and
2B), indicating that Yap1 does not function in the YSL. We next
examined whether Yap1 functions downstream of S1P signaling
in the endoderm by the rescue experiments. Cardia bifida shown
in the s1pr2morphants, the spns2morphants, and the yap1mor-
phants was reversed by the overexpression of Lats1/2-kinase-
resistant Yap1 (Yap1-5SA) in the endoderm by sox17 promoter
using a transient Tol2 transposon-based expression system (Fig-
ure 2C). These data indicate that Yap1 functions downstream of
S1P-S1pr2 signaling in the endoderm to regulate CPCmigration.
S1pr2 mutant (mil) embryos show defects of the anterior
endoderm (Kupperman et al., 2000). We, therefore, examined
the morphogenesis of the anterior endoderm in the yap1 mor-
phants. In the control zebrafish embryos at 26 hpf, one of the
endoderm marker genes, foxa2 mRNA was clearly expressed
in the pharyngeal endoderm and notochord (Figure 2D). Of
note, an anterior endodermal space between bilateral pharyn-
geal endoderm was widened in both the yap1 morphants and
the s1pr2 morphants compared to the control, although the
pharyngeal endoderm and the notochord were comparable
among themorphants and the control. In these widened regions,
the expression of foxa2 mRNA appeared to be reduced.
Weassumed that the failure of CPCmigration towardmidline is
the consequence of the defect of anterior endoderm. To address130 Developmental Cell 31, 128–136, October 13, 2014 ª2014 Elsevthis question,wedepicted both endodermandCPCswith double
Tg (sox17:GFP);(myl7:Nls-mCherry) embryos. At 26 hpf, bilateral
CPCs merged at the midline in the control embryos that showed
no defects in the endoderm, whereas CPCs failed to coalesce at
themidline in both the yap1morphants and the s1pr2morphants
that showed defects of the anterior endoderm (Figure 2E,
asterisk). The defects of anterior endoderm found in the yap1
morphants were rescued by injection of zyap1 mRNA (Fig-
ure S1C). Recently, G13 (encoded by gna13: gna13a and
gna13b) is reported to function downstream of S1pr2 in the
zebrafish endoderm for cardiac precursor cell migration (Ye
and Lin, 2013). Moreover, the S1P-S1PR2-G12/13-RhoGEF-Rho
signal inhibits LATS1/2 and in turn induces nuclear translocation
of Yap1 (Yu et al., 2012). To delineate the S1P-mediated signal
that controls the endoderm formation, we examined the effect
of depletion of G13 (both G13a and G13b) and depletion of
Lats1/2 in the s1pr2morphants and thegna13morphants. Deple-
tion of G13 resulted in the defect of the anterior endoderm that
was observed in the yap1morphants and in the s1pr2morphants
(Figure 2E, asterisk). Depletion of Lats1/2 rescued the anterior
endodermal defects found in the s1pr2 morphants and in the
gna13morphants, suggesting that Lats1/2 function downstream
ofG13 in theendoderm (Figures2Eand2F).Weconfirmed that the
injection of lats1/2 MOs at the dose we used for examining
genetic interaction did not affect any phenotype (Figure S1E). In
addition, a synergistic increase in the endoderm defect with car-
dia bifida was found in the embryos treated with a low dose of
both yap1 MO and gna13 MOs, suggesting the genetic interac-
tion of gna13 and yap1 genes (Figure 2G). To examine whether
Yap1-dependent transcription is activated in the endoderm, we
developed a Tg line that enables us to monitor the Yap1 nuclear
translocation-dependent transcriptional activation that is re-
flected by GFP expression via Gal4/UAS system. Yap1-depen-
dent transcription was confirmed by the disappearance of GFP
in the yap1 morphants (Figure S2A). During the convergence
of endoderm (14-somite stage), Yap1-dependent transcription
was detected in the endodermmarked by sox17:DsRed (Figures
S2B and S2C) and by foxa2 expression at 20 hpf (Figure S2D). In
addition, it was detected in theCPCsmarked bymyl7 expression
and in the heart (Figures S2D and S2E), suggesting that Yap1
functions in both endoderm and CPCs.
Furthermore, forced expression of EGFP-zYtip in the endo-
derm resulted in cardia bifida associated with the defect of the
anterior endoderm (Figures 2H and 2J), while that in the CPCs
did not affect endoderm formation and their migration (Figures
2I and 2J). These results suggest that the S1pr2-G13-mediated
inhibition of Lats1/2 signal and the Yap1/Tead-dependent
transcription in the endoderm are essential for proper endoderm
formation and CPC migration. In addition, these results imply
that Yap1-dependent transcription in the CPCs is dispensable
for CPC migration.
Yap1 Regulates Cell Survival of the Endodermal Sheet
To investigate what causes the defects of the anterior endoderm
in the yap1 morphants, we time-lapse imaged the endodermal
cells marked by sox17 promoter-driven GFP (Figure 3A).
During the eight to 16-somite stage, an endodermal sheet was
converged toward themidline (Movie S1). The endodermal sheet
was correctly formed between bilateral pharyngeal endoderm byier Inc.
Figure 2. Yap1 Functions Downstream of S1P-S1pr2 Signaling in the Endoderm
(A) Confocal images of Tg(myl7:Nls-tdEosFP) embryos at 48 hpf injected with MO indicated at the bottom into the yolk syncytial layer (YSL).
(B) Quantitative analyses of the incidence of cardia bifida of (A). Graph shows the percentage of the embryos with cardia bifida among the total embryos injected
with MO indicated at the bottom.
(C) The incidence of cardia bifida of Tg(myl7:Nls-tdEosFP) embryos injected with MO and the plasmids (30 pg/embryo) transiently expressing either EGFP (G) or
EGFP-tagged Lats1/2 kinase-insensitive Yap1 (Y) under the control of sox17 promoter using Tol2 transposon system.
(D) WISH analyses of foxa2 expression of the embryos (26 hpf) uninjected (left) and injected with MO indicated at the bottom (center and right). Note that foxa2
mRNA was detected in the endoderm and in the notochord and that the space between bilateral pharyngeal endoderm was widened in the yap1morphants and
s1pr2 morphants. A set of representative images of four independent experiments is shown as dorsal views.
(E) 3D-rendered two-photon laser-scanned z-stack images of Tg(sox17:GFP);(myl7:Nls-mCherry) embryos uninjected (left) and injected with MO indicated at the
bottom. gna13 MO stands for both gna13a and gna13b MOs. Asterisks indicate the defect of the endoderm.
(F and G) Quantitative analyses of incidence of the defects in the endoderm with cardia bifida in the embryos treated with the MOs indicated at the bottom.
(H and I) Images of those injected with the plasmid indicated at the top (25 pg/embryo) into the embryo indicated at the top. Note that forced expression of zYtip in
the endoderm resulted in the defect of the endoderm with cardia bifida while that in the CPCs did not. Asterisk indicates the endodermal defect.
(J) Quantitative analyses of the results obtained in (H) and (I).
xp < 0.0001, yp < 0.01, zp < 0.05. See also Figure S2.
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S1P-Yap1 Signaling for Endoderm Formationthe 12-somite stage and was maintained during the postdeve-
lopmental stage in the control morphants (Figure 3A and Movie
S1). In clear contrast, some endodermal cells underwent frag-
mentation in the anterior endoderm and failed to form endo-
dermal sheet properly in the yap1morphants (Figure 3A, arrows;
and Movie S2). Similarly, fragmentation was found in the anteriorDevelopmendoderm of the s1pr2 morphants (Figure S3) as well as
the gna13 morphants (Figure S3 and Movie S3). We further
ascertained whether the defect of the anterior endoderm
with fragmentation of the cells is associated with cardia bifida.
The increase in fragmented endodermal cells paralleled the
increased incidence of cardia bifida in the yap1 morphants andental Cell 31, 128–136, October 13, 2014 ª2014 Elsevier Inc. 131
Figure 3. Yap1 Regulates Endodermal Cell
Survival
(A) Time-sequential (from eight-somite stage
[8s] to 16-somite stage [16s]) images of
Tg(sox17:GFP) embryos injected with MO indi-
cated at the left. Arrows denote the fragmentation
of sox17 promoter-driven GFP-positive cells. A set
of representative images of eight independent
experiments is shown. Dorsal view.
(B) Incidence of cardia bifia (black) and normal
heart (white) in the morphants exhibiting less than
5 fragmented endodermal cells or more than 5
fragmented endodermal cells in the embryos
treated with the MO indicated at the bottom.
(C) Bar graph shows the number of the TUNEL-
positive cells among the GFP-positive endo-
dermal cells of Tg(sox17:GFP) embryos at
14-somite stage (14s) injected with MO indicated
at the bottom. ctrl MO, control morpholino. yp <
0.01 (versus ctrl morphants).
(D) Bar graph shows the number of the TUNEL-
positive cells in a S1pr2mutant (mil), heterozygous
embryo (s1pr2m93/+) and homozygous embryos
(s1pr2m93/m93). yp < 0.01.
(E) Gene expression profile analyzed by RNA-seq
using RNAs obtained from the Tg(sox17:GFP)
embryos uninjected (control) and injected with
yap1 MO by sorting of GFP-positive endodermal
cells. The graph shows the ratio of the reads per
kilobase per million reads (RPKM) of the yap1
morphants-derived RNAs divided by that of the
control. Among the genes we analyzed, those
regulating cell survival are listed.
See also Figure S3 and Movies S1, S2, and S3.
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S1P-Yap1 Signaling for Endoderm Formationthe s1pr2 morphants (Figure 3B). These data suggest that the
apoptosis of endodermal cells in these morphants might cause
the defect of the anterior endoderm followed by the failure of
CPC migration. Therefore, we examined whether the apoptosis
occurs in the endoderm of the yap1 morphants and the s1pr2
morphants at the 14-somite stage. There was a significant in-
crease of the TUNEL-positive cells in the anterior endoderm of
both morphants (Figure 3C) and the s1pr2 mutant (mil) (Fig-
ure 3D). Apoptosis in the endoderm with the defect in the yap1
morphants was significantly rescued by injection of zyap1
mRNA (Figure S1D), suggesting that the apoptosis is the cause
of the endodermal defects found in the yap1 morphant.132 Developmental Cell 31, 128–136, October 13, 2014 ª2014 Elsevier Inc.Next, we aimed at identifying the
Yap1/Tead-promoted genes required for
endodermal cell survival with RNA-seq.
We analyzed the reads per kilobase per
million reads as an indicator of mRNAs
in Tg(sox17:GFP)-expressing cells of the
control embryos and the yap1morphants
at 12 hpf. Among the potential genes
that might regulate cell survival, the
expression of connective tissue growth
factor a (ctgfa) and cysteine-rich angio-
genic inducer 61 (cyr61) was remark-
ably reduced in the yap1 morphants
compared with the control embryos (Fig-ure 3E). Because the expression ofCTGF andCYR61 is reported
to be transcriptionally promoted by mammalian YAP1/TEAD
(Hong and Guan, 2012), we focused on both genes.
Ctgfa Cell-Autonomously Regulates Endoderm
Formation that Is Necessary for CPC Migration
To unravel the role for Ctgfa and Cyr61 in endodermal cell sur-
vival, we examined the effect of depletion of either Ctgfa or
Cyr61 on the endoderm formation by imaging both endoderm
and CPCs using double Tg (sox17:GFP);(myl7:Nls-mCherry) em-
bryos (Figure 4A). At 28 hpf, the ctgfa morphants but not the
cyr61 morphants exhibited the defect of anterior endoderm
Figure 4. Endodermal Cells Cell-Autonomously Regulate Their Survival in a Manner Dependent on the Expression of Yap1-Promoted ctgfa
(A) 3D-rendered two-photon laser-scanned z-stack images of Tg(sox17:GFP);(myl7:Nls-mCherry) embryos (28 hpf) injected with MO indicated at the bottom. An
asterisk shows the defect of the endoderm. Dorsal view.
(B and C) Incidence of endoderm defects with cardia bifida of Tg(sox17:GFP);(myl7:Nls-mCherry) embryos injected with MO indicated at the bottom. Total
number of the embryos analyzed in each morphant group is indicated at the top of the column.
(D and E) Quantitative-PCR analyses of expression of sox17mRNA (D) and ctgfamRNA (E) in the endoderm (GFP+ cells) and extra-endoderm (GFP- cells) of the
Tg(sox17:GFP) embryos injected with MO indicated at the bottom. GFP+ and GFP- cells from the embryo at 12 hpf were sorted by GFP fluorescence (n = 4).
(F) WISH analyses of ctgfa mRNA expression in the wild-type embryo (left) and in the yap1 morphant (right; 22 hpf). A set of representative images of four
independent experiments is shown. Dorsal view.
(G) Schematic illustration of injection of MO into the endoderm-fated cells (simultaneous injection of both acvr1bT206D and sox32 mRNAs) and into the
CPC-fated cells (simultaneous injection of both gata5 and smarcd3b mRNAs) with rhodamine dextran to visualize the cells injected with MO and mRNAs. MO,
mRNA, and rhodamine dextran were coinjected into one blastomere at the 64-cell stage.
(H) Representative 3D-rendered confocal images of the Tg(sox17:GFP) embryo injected withmRNAs indicated at the topwith theMOs indicated above the image
as explained in (G).
(legend continued on next page)
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S1P-Yap1 Signaling for Endoderm Formationassociated with cardia bifida (Figures 4A and 4B). The WISH an-
alyses of foxa2mRNA revealed the widened endodermal space,
in which less expression of foxa2 mRNA was observed in the
ctgfa morphants, but not in the cyr61 morphants (Figure S4A).
Consistently, fragmented endodermal cells and TUNEL-positive
apoptotic cells were increased in the anterior endoderm of the
ctgfa morphants but not in the cyr61 morphants (Figures 3B
and 3C).
We next tested the genetic interaction between yap1 and ctgfa
genes. Although the embryos injected with a low-dose morpho-
lino for either yap1 or ctgfa showed low incidence of cardia
bifida, those injected with a low dose of both yap1 and ctgfa
MOs showed a synergistic increase of cardia bifida (Figure 4C).
sox17mRNA of the endodermal cells and the cells outside of the
endoderm of the yap1 morphants were comparable to those of
the control morphants (Figure 4D); however, ctgfa mRNA in the
endoderm and outside of the endoderm was remarkably
decreased in the yap1 morphants (Figure 4E). The WISH ana-
lyses supported the data that the expression of ctgfa mRNA in
the yap1 morphants was reduced compared to that in the wild-
type embryos (Figure 4F). These data indicate that ctgfa gene
expression is also regulated by Yap1 in the endoderm. Indeed,
in the embryos at 16 hpf, ctgfa mRNA expression overlapped
foxa2 mRNA expression but not nkx2.5 mRNA expression that
is expressed in the mesoderm, especially in CPCs (Figure S4B).
Unexpectedly, transient expression of EGFP-tagged zCtgfa in
the endoderm did not reverse but worsened the defects of the
anterior endoderm (Figure S4C). This is probably due to the
inappropriate amount of Ctgfa expression or inadequate balance
of domain expression of Ctgfa for the endoderm.
Finally, we investigated the cell-autonomous function of Yap1
and Ctgfa for the endodermal cells and for the CPCs. We tested
the cell-autonomous function in vivo by knocking down either
Yap1 or Ctgfa in either endoderm-fated cells or CPC-fated cells
(Figure 4G; Aoki et al., 2002; David and Rosa, 2001; Lou et al.,
2011). Depletion of either Yap1 or Ctgfa in the endoderm-fated
cells resulted in the endodermal defects (Figures 4H and 4I),
whereas that in the CPC-fated cells resulted in proper CPC
migration and endoderm formation (Figures 4J and 4K), indi-
cating that Yap1-dependent Ctgfa expression in the endoderm
is cell-autonomously essential in the endoderm formation.
Secreted CTGF is known to bind to fibronectin (Hoshijima
et al., 2006), which supports the endoderm as an extracellular
matrix and regulates the survival of the cells attaching to itself.
Hence, we examined the attachment of the sox17 promoter-
driven GFP-positive endodermal cells obtained from the control
morphants, the yap1morphants, and the ctgfamorphants to the
fibronectin-coated dishes. The endodermal cells from the yap1
morphants and the ctgfa morphants exhibited less adhesion
and spreading on the fibronectin-coated dishes than those(I) Quantitative analyses of incidence of endodermal defects in the embryos exam
(J) Representative 3D-rendered confocal images of the Tg(sox17:GFP);(myl7:N
indicated above the image as explained in (G).
(K) Quantitative analyses of incidence of heart defects in the embryos examined
(L andM) Attachment and spread of the endodermal cells obtained at 12 hpf from T
coated dish. Arrowheads indicate the cells spreading after attachment to the dish
(L). Scale bars represent 50 mm. (M) The graph shows the number of the spreadi
See also Figure S4.
134 Developmental Cell 31, 128–136, October 13, 2014 ª2014 Elsevfrom the control (Figures 4L and 4M). These data suggest
that Ctgfa secreted from the endoderm might regulate the
endodermal cell attachment to the extracellular matrix in a cell-
autonomous manner.
DISCUSSION
Our present study supports that the proper formation of endo-
derm is essential for CPC migration toward the midline (Varner
and Taber, 2012). Impairment of midline CPC migration has
been observed in the endodermal mutants and in the S1P
signaling mutants. Here, we demonstrate that the cardia bifida
found in the S1P signaling morphants is ascribed to the endo-
dermal defects caused by impaired Yap1-mediated signaling.
There have been no reports accounting for the relevance of the
cardia bifida found in the S1P signaling mutants to those found
in the mutants showing endoderm defects. Endoderm not only
serves as a foothold for CPC, but also secretes molecules that
directly or indirectly regulate CPC migration and cardiogenesis.
The YSL-derived fibronectin is required for both endoderm for-
mation and CPC migration (Sakaguchi et al., 2006). Fibroblast
growth factors and bone morphogenetic proteins expressed
in the endoderm cooperatively regulate early cardiogenesis
(Alsan and Schultheiss, 2002; Tirosh-Finkel et al., 2010). There-
fore, structurally and functionally proper endoderm formation is
essential for cardiogenesis.
Yap1 functions in the endoderm to promote the expression
of Ctgfa that regulates endodermal cell survival. We revealed
that S1P-S1pr2 signaling induced Yap1/Tead-dependent ctgfa
expression via Lats1/2 inactivation in the endoderm. Moreover,
this signal in the endoderm is cell-autonomously essential for
the endodermal formation. S1pr2-G13 signal controls cardiac
migration in zebrafish (Ye and Lin, 2013). Recently, S1P-trig-
gered signaling was reported to induce nuclear translocation of
YAP1 by inhibiting LATS1/2 in cultured cells (Yu et al., 2012),
although the significance of this signaling has not been demon-
strated in vivo. YAP1 functions as the final effector molecule of
the Hippo signaling to regulate cell survival and to determine
the size of the organs. Our data add an essential role for Yap1
in vivo during embryogenesis that needs S1P signaling for the
endoderm formation.
We provide evidence that Ctgfa maintains the endodermal
sheet that is required for CPC migration. CTGF functions in
various tissue and organ development processes, such as
angiogenesis, chondrogenesis, and palatogenesis (Chen and
Lau, 2009; Parada et al., 2013), because it has four domains pre-
sumably to exhibit pleiotropic biological functions (Holbourn
et al., 2008). Indeed, CTGF interacts with fibronectin through
its CT domain (Hoshijima et al., 2006). The fibronectin released
from the YSL is essential for endoderm formation (Nair andined in (H).
ls-tdEosFP) embryo injected with mRNAs indicated at the top with the MOs
in (J).
g(sox17:GFP) embryos injected withMO indicated at the top to the fibronectin-
. A panel of representative result of three independent experiments is shown in
ng GFP-positive cells after attachment. yp < 0.01.
ier Inc.
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S1P-Yap1 Signaling for Endoderm FormationSchilling, 2008). We found that ctgfa was downregulated in the
yap1morphants and that the endodermal cells of the yap1 mor-
phants failed to attach to fibronectin-coated dishes. Collectively,
these data indicate the biological function of fibronectin-bound
Ctgfa for cell survival and suggest the domain-specific biological
function of Ctgfa.
In summary, wedelineate the signaling pathway that is required
for the precise endodermal formation associated with CPC
midline migration: S1P/S1pr2 signaling inhibits Lats1/2, presum-
ably resulting in nuclear translocation of Yap1 that functions as
a cotranscription factor of Tead to promote Ctgfa expression.
EXPERIMENTAL PROCEDURES
Zebrafish—Danio rerio—Strains and Transgenic Lines
The experiments using zebrafish were approved by the institutional animal
committee of National Cerebral and Cardiovascular Center and performed ac-
cording to the guidelines of the institute. We used the AB strain as wild-type
and the Tg(sox17:GFP) fish as monitoring the endoderm development (Mizo-
guchi et al., 2008). mil mutant fish and UAS:GFP fish were kindly provided
byG. Crump (Balczerski et al., 2012; Kupperman et al., 2000) and K. Kawakami
(Asakawa and Kawakami, 2008), respectively.
Microinjection of Oligonucleotide and mRNA
We designed the start codon-targeted ctgfaMO and cyr61MO. The efficiency
of both MOs was confirmed by EGFP expression in the embryos injected of
EGFP-tagged ctgfa or cyr61 mRNA together with corresponding MO (Figures
S4D and S4E). The details of these MOs and other MOs are described in the
Supplemental Experimental Procedures. To analyze the effect of MO in the
endoderm-fated cells or in the CPC-fated cells, both acvr1bT206D and
sox32mRNAs and both gata5 and smarcd3bmRNAs were injected with either
yap1 MO or ctgfa MO into the one blastomere cell at the 64-cell stage.
Data Analysis and Statistics
All columns were indicated as mean ± SEM. Statistical significance of multiple
groups was determined by one-way ANOVA with Bonferroni’s post hoc test.
The rescue experiments of MO injection with Tol2 DNAs, lats1/2 MOs on
cardiac migration, and TUNEL assay of s1pr2m93 mutant were analyzed with
Student’s t test.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
four figures, and three movies and can be found with this article online at
http://dx.doi.org/10.1016/j.devcel.2014.08.014.
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